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Abstract—The paper considers autonomous rendezvous ma-
neuver and proximity operations of two spacecraft in presence
of obstacles. A strategy that combines guidance and control
algorithms is analyzed. The proposed closed-loop system is able to
guarantee a safe path in a real environment, as well as robustness
with respect to external disturbances and dynamic obstacles.
The guidance strategy exploits a suitably designed Artificial
Potential Field (APF), while the controller relies on Sliding Mode
Control (SMC), for both position and attitude tracking of the
spacecraft. As for the position control, two different first order
SMC methods are considered, namely the component-wise and
the simplex-based control techniques. The proposed integrated
guidance and control strategy is validated by extensive simu-
lations performed with a six degree-of-freedom (DOF) orbital
simulator and appears suitable for real-time control with minimal
on-board computational effort. Fuel consumption and control
effort are evaluated, including different update frequencies of
the closed-loop software.
Index Terms—Robust control, Aerospace, Uncertain systems
I. INTRODUCTION
In the aerospace field, the rendezvous maneuver consists
in a series of maneuvers, usually divided into subphases [1],
which leads to perform a dock between two spacecraft, a
passive Target and an active Chaser. Since this maneuver is
essential for space missions and explorations, several studies
and missions have been performed to realize it autonomously.
The on-board software usually includes collision-free path
planning, to avoid impacts with other spacecraft but also with
countless space debris, thanks to a detection system.
In [2] Luo and co-authors propose a survey of orbital dy-
namics and control, in which the related equations and a brief
description of some automated control methods are presented,
not including Guidance, Navigation and Control (GNC) algo-
rithms. Autonomous operations require online robot navigation
and obstacle avoidance strategies. APF methods shape the
environment with artificial harmonic potentials, [3]. These
strategies plan the trajectories of the robot along the gra-
dient of the APF, which represents the environment and is
generated placing positive charges in the obstacles and a
negative charge in the Target. Control strategies must ensure
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that the robot tracks the APF gradient, despite uncertainties
and disturbances.
Since the rendezvous maneuver is a nonlinear maneuver
with regard to dynamics and kinematics, position and attitude
control must ensure high accuracy and excellent robustness
against external disturbances and parameter variations with
simple design. SMC, [4], [5], are nonlinear control techniques
with remarkable properties of precision, robustness and ease
of design, tuning, and implementation. SMC design consists of
two fundamental steps. First a sliding surface is defined such
that if the trajectories of the system belong to that surface
the closed loop system is stable and performs as expected.
Afterwards, the control law is selected, which is able to drive
and keep the system on the sliding surface, i.e. to enforce a
sliding motion on the surface. The closed loop response of
the system in sliding mode is insensitive to uncertainties of
various types, namely uncertainties of the model parameters,
disturbances and nonlinearities, under certain boundedness and
matching conditions. From a practical point of view, SMC
techniques allows to control nonlinear processes subject to
external disturbances and large model uncertainties. The great
effectiveness of SMC to control nonlinear uncertain systems is
obtained in spite of relatively simple design of the controllers.
SMC can guarantee accuracy and robustness at the same time.
One of the main feature of SMC is the exploitation of discon-
tinuous control laws (first order SMC) or instead of continuous
control inputs obtained with discontinuous terms in the time
derivatives of the control inputs (second order SMC). The
simplex-based SMC, [6], [7], [8], [9], is a method of the first
order, which is particularly well suited to be adopted when the
actuation system consists of mono-directional discontinuous
devices, [10], [11].
Guldner and Utkin, [12], used a combination of APF and
SMC for motion planning in the robotic field. In recent years,
some papers have proposed APF for guidance algorithm for
proximity operations. In [13] an adaptive APF is described
and its computational efficiency is demonstrated by the exper-
imental testbed. The problem of obstacle constraints is also
addressed in [13] via an APF method and an optimal SMC.
As discussed in [4] and analyzed for space maneuvers
in [14], internal and external disturbances acting on the system
shall be dealt with for real implementation. For the consid-
ered spacecraft model, a first order SMC method appears
to be the most appropriate because the system is actuated
by discontinuous mono-directional thrusters that can be only
switched on and off. In this paper, two first order SMC are
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proposed for the position control, namely simplex-based and
component-wise SMC, which are compared in simulation. The
simplex-based SMC system is proposed to reduce the required
number of thrusters to fully actuate the system. Simulations
show that, reducing the commutations among the allowed
control structures, the simplex-based SMC reduces the fuel
consumption necessary to perform the desired maneuver. The
attitude control is carried out with the second order super-
twisting (STW) SMC [15], which can be suitably implemented
by the continuous actuation system of the spacecraft, provided
by reactions wheels.
A combination of this guidance and control method for
rendezvous operations is treated in [16], not considering
dynamic obstacles. Some interesting novelties in this paper
are introduced: i) a path planning evaluated with moving
obstacles (dynamic obstacles), ii) a sensor is included for
the detection of the obstacles, iii) two different first order
SMC for position control are compared in order to find how
to reduce the control effort, and iv) hardware and software
constraints are taken into account in terms of variation of the
update (switching) frequency of the closed-loop system with
the combined algorithms.
The paper is organized as follows. In Section II the models
of spacecraft and actuators are introduced. In Section III the
guidance algorithms based on APF are proposed and the
dynamic collision avoidance is detailed. The position control
problem of the spacecraft is considered in Section IV; two
different first order SMC are proposed, namely a component-
wise SMC and a simplex-based one. The attitude controller
is briefly introduced. Simulation results are presented in Sec-
tion V. Conclusions are drawn in Section VI.
II. MATHEMATICAL MODELS
The developed orbital simulator includes six degree-of-
freedom (DOF) spacecraft dynamics, the actuation system
model and other mathematical models, such as model of sen-
sors errors and of external disturbances. Furthermore, actuator
errors and nonlinearities are also taken into account. For the
details on the spacecraft dynamics refer to [1], [17], [14].
A. Rendezvous Maneuver
In our case study, the last two phases of the rendezvous
maneuver are analyzed, starting when the Chaser has already
reached the Target orbit. For the position dynamics, a Local-
Vertical-Local-Horizontal (LVLH) frame is employed, where
V-bar is directed along the orbital speed, R-bar along the
direction from the origin of this frame to the center of the Earth
and H-bar along the opposite direction of the orbital angular
momentum. Therefore, a more complete description can be
found in [1], where the radial boost and the cone approach
are explained in detail.
B. Spacecraft Dynamics
The spacecraft dynamics includes both position and attitude
dynamics. Since the maneuver starts few kilometers far from
the Target, the Hill equations are used for the definition of the
orbital dynamics. This set of simplified equations can be used
for distances between Chaser and Target vehicles that are very
small compared with the distance to the centre of the Earth,
without affecting the effectiveness of the proposed approach.
Moreover, a circular orbit is considered. These equations are
written with respect to the origin of a LVLH frame, centered
on the Target satellite [1]. So, the position dynamics can be
expressed as
x¨ =
Fx
mc
+ 2ω0z˙,
y¨ =
Fy
mc
− ω20y,
z¨ =
Fz
mc
− 2ω0x˙+ 3ω20z,
(1)
where x¨, y¨ and z¨ are accelerations, x˙, y˙ and z˙ are velocities,
x, y, and z are Hill positions, all the variables are written in
LVLH frame. The Chaser mass mc varies with time as follows|F |
g0ISP
, with |F | = |Fx|+ |Fy|+ |Fz| ∈ R the total force acting
on the vehicle, g0 ∈ R the constant of gravity at sea level
and ISP ∈ R the thruster specific impulse, ω0 is the orbital
angular velocity of the reference LVLH frame (centered in the
Target). F = [Fx, Fy, Fz]T ∈ R3 is the total force acting on
the spacecraft and it includes both forces due to the thrusters
system and external disturbances, so F = Fthr + ∆Fex ∈ R3,
in which Fthr ∈ R3 is the force provided by the thrusters
(i.e. by the control system) and ∆Fex ∈ R3 is due to the
external disturbances. These latter are estimated as functions
of the orbital altitude and the size of the satellite [17], [18],
and consist of three contributions: (i) the constant aerodynamic
drag force, which acts only along V-bar, (ii) the force due to
oblateness of the Earth (usually called J2 effect), and (iii)
the force due the solar radiation pressure. External forces
also give raise to moments with two contributions, which are
respectively due to: (i) the solar radiation pressure and (ii) the
gravity effects.
If we focus on the simulations scenario, the disturbances,
previously described, are included in the vector ∆Fex. In
detail, ∆Fex = FAD + FJ2 + Fs. Then, ∆Fex is added
to the force exerted by the thrusters Fthr. Finally, the total
force F = Fthr + ∆Fex is rotated by means a rotation matrix
from body frame to LVLH frame in order to insert it in the
Hill equations for the position dynamic. See Appendix A for
details.
Furthermore, errors in shooting directions and thrusts mag-
nitude of thrusters are included [19], [20].
To include these forces in Equation (18), a rotation is
required since the orientation of the thrusters is known in body
frame. Hence, the rotation have to be applied with the matrix
RLV LH computed by means Euler angles,
Fthr = RLV LH(φ, θ, ψ)F
b
thr, (2)
where F bthr ∈ R3 is the thrust force expressed in body frame
(related to the actuation system) and RLV LHb(φ, θ, ψ) is the
rotation matrix from body frame to LVLH frame (the order
of rotation is fixed and it is 3-2-1) [17]. The attitude angles
are evaluated from the quaternion dynamics, as explained in
Chapter 3 of [17]. In a similar way, the external disturbances
∆Fex are
∆Fex = RLV LH(φ, θ, ψ)∆F
b
ex.
The focus of this paper is the position tracking. However,
Euler equations and quaternion dynamics (see Chapter 3 and
6 of [17]) are modeled in the simulator, to analyze a complete
6 DOF spacecraft dynamics. In particular, the total torque
applied to the Chaser consists of three terms: (a) the moment
due to the thrusters Mthr, (b) the torque provided by the
reaction wheels (i.e. the actuators devoted to attitude control)
MRW and conceived as a STW SMC (see Section IV), and
(c) the moment due to external disturbances ∆Mex (see [17]
and Appendix A). ∆Mex is composed by two contributions: i)
a constant moment of about 10−5 N due to the solar pressure
and ii) a term of the order of about 10−4 Nm produced by
the gravitational effects.
III. GUIDANCE STRATEGY
A guidance algorithm based on the theory of APF is pro-
posed to find the path that leads the Chaser toward the Target,
avoiding obstacles. One of the most valuable feature of this
method is the ability to update in real-time the planned path.
The speed field is evaluated using data concerning the state
vector of the spacecraft, the environment in which it moves and
the desired final position. Therefore, the low computational
effort of APF method represents a great advantage to achieve
an autonomous maneuver and can be easily implemented on-
board. This strategy assigns to the desired final point an
attractive potential field and a repulsive one related to each
obstacle.
A Light Detection and Ranging (LIDAR) sensor for the
obstacle detection is used to determine the distance of an
object by using a laser pulse. The selected sensor has a range
of about 300 m and helps to drive the Chaser toward the Target
during the last phase of the maneuver in order to guarantee
docking requirements.
A. Attractive Potential Field
As in [16], the Chaser approaches the goal thanks to a
paraboloid attractive artificial potential field defined as
Ua(x) =
1
2
ka||e(x)||2, (3)
where ka is the proportional positive gain, while e(x) = xd−
x ∈ R3 represents the error, i.e. the difference between the
desired position and the current one. The components of the
position vector are expressed in LVLH reference frame. The
relative attractive force is obtained through the gradient of Eq.
(3), as follows
Fa(x) = ∇Ua(x) = kae(x). (4)
B. Repulsive Potential Field
In order to ensure collision avoidance with obstacles, an
hyperbolic potential field is constructed around each obstacle
(i = 1, . . . ,Nobs, with Nobs number of obstacles).
Urep,i(x, v) =

kr,i
2
(
1
ηi(x)
− 1
Rdyn,i(x,v)
)2
if ηi(x) < η0,i and vr,i · nco,i > 0
0 otherwise
,
where kr,i is the positive repulsive gain related to the each
obstacle, ηi(x) = ||x − xobs,i|| is the distance between the
Chaser and the i-th obstacle, vr,i ·nco,i is the relative velocity
between the Chaser and the i-th obstacle positive from the
Chaser to the obstacle (Fig. 1), nco,i =
(xobs−x)
||xobs−x||2 is the
unit vector positive from the Chaser to the i-th obstacle,
and η0,i is the distance of influence of the obstacle i, i.e.
maximum 300 m, based on the used sensor. In order to take
into account both position and speed of the obstacle in the
repulsive potential field, the dynamic radius Rdyn is introduced
instead of η0,i [12], [21]. In this way, a smooth trajectory is
obtained and the Chaser velocity is also included. So,
Rdyn,i(x, v) = η0,i +
(vr,i · nco,i)2
2amax
,
in which amax = ux−f√2mc is the acceleration command, with ux
output provided by the thrusters, mc the mass of the Chaser,
and f > 0 is the constant bound available to the controller,
which takes into account the uncertain reduction of the real
thrusts provided by the thrusters with respect to the nominal
ones. Urep,i is a function of both relative position and speed.
The repulsive force is given by the negative of the gradient of
Urep,i with respect to x and v, as follows
Frep,i(x, v) = −∇xUrep,i(x, v)−∇vUrep,i(x, v), (5)
where the two gradients are
∇xUrep,i =
(
1
ηi
− 1
Rdyn,i
)(
kr,i
R2dyn,i
∇xRdyn,i − kr,i
η2i
∇xηi
)
∇vUrep,i =
(
1
ηi
− 1
Rdyn,i
)
kr,i
R2dyn,i
∇vRdyn,i,
in which the gradients of the dynamic radius are given by
∇xRdyn,i = vr,i · nco,i
amax
∇x (vr,i · nco,i) ,
∇vRdyn,i = vr,i · nco,i
amax
∇v (vr,i · nco,i) ,
where, according to [21],
∇x(vr,i · nco,i) = − 1
ηi
(v − vobs,i − (vr,i · nco,i)nco,i) ,
∇v(vr,i · nco,i) = nco,i,
and the speed of the obstacle is evaluated as vobs =
xobs(t+1)−xobs(t)
∆tsensor
, with ∆tsensor sample time of the LIDAR
sensor.
The repulsive force (5) has two components, Frep,i =
Frep 1,i + Frep 2,i:
Fig. 1. Vectors for defining the new repulsive potential
1) Frep 1,i is directed along the line joining Chaser-
obstacle; Frep 1,i reduces the value of the relative speed
vr,i · nco,i.
2) The other component Frep 2,i is perpendicular to
Frep 1,i; Frep 2,i increases the relative velocity in this
perpendicular direction, acting as a steering force for
detouring.
See Fig. 1 for the definition of all the distances.
C. Total Potential Field
The total force resulting from the APF is the sum of the
attractive and repulsive forces (4) and (5)
Ftot = Fa +
Nobs∑
i=1
Frep 1,i +
Nobs∑
i=1
Frep 2,i. (6)
The force (6) is normalized to obtain the direction that the
Chaser must follow
EU =
Ftot
||Ftot|| . (7)
The desired velocity vector to be tracked by the Chaser is
defined as
x˙d = x˙maxEU ,∈ R3, (8)
where the direction of the Chaser EU is given by (7) and x˙max
is defined based on specifications and performances required.
IV. CONTROL STRATEGIES
The position and attitude controllers are designed to deal
with parametric uncertainties (inaccuracies in the spacecraft
model) and bounded uncertainties related to the actuation
system, as well as external disturbances.
The spacecraft attitude controller is a SMC STW, the details
of which can be found in [14] and the gains are defined based
on the dynamics of the system, as explained in Chapter 6 of
[5].
Instead, for the position control two different first or-
der SMC strategies are presented, i.e. a simplex SMC and
component-wise SMC. The implementation in real applica-
tions of discontinuous control inputs (first order SMC) must
take into account the constraints on the switching frequency
of the actuators. Simplex SMC methods reduce the number
of thrusters required and implicitly design better shooting
strategies. The results are reduction in fuel consumption and
chattering obtained with lower switching frequencies of the
control devices. The effectiveness of the proposed simplex
SMC is compared with the results of the component-wise
SMC.
The position tracking control problem is considered for the
uncertain nonlinear system (18) actuated by mono-directional
devices. The control objective is to steer to zero the suitably
chosen sliding output σx ∈ R3, given by
σx = cx(x˙− x˙d), (9)
where cx > 0 is a constant value and x˙d = x˙maxEU is the
vector of the desired speed given by (8).
A. Spacecraft Position Control: Simplex SMC
Let us briefly recall the definition and main features of a
simplex of vectors, which can be suitably exploited to design
SMC, [7], [8].
By definition m + 1 vectors vi ∈ Rm, i = 1, . . . ,m + 1,
form a simplex of vectors in the m-dimensional space Rm if
they generate a convex hull which contains the origin of Rm.
Thus there exist m+ 1 coefficients µi > 0, i = 1, . . . ,m+ 1,
such that
∑m+1
i=1 µivi = 0 and
∑m+1
i=1 µi = 1. The vectors
vi ∈ Rm, i = 1, . . . ,m+ 1, which form a simplex of vectors
in Rm divide the space Rm in m+ 1 non overlapping cones
Qj = cone (vi : i = 1, . . . ,m+ 1, i 6= j) . (10)
For any point x ∈ Rm, there exists an index (or more indices
if x belongs to edges) j ∈ {1, . . . ,m+ 1} such that x ∈ Qj ,
that is x =
∑m+1
i=1, i 6=j λivi, λi ≥ 0 (edges correspond to the
case λi = 0 for some i ∈ {1, . . . ,m+ 1}).
In order to design a simplex SMC, let us assume that
the spacecraft system (18) is actuated by a total number of
thrusters Nthr = 8 and chose 4 control directions, identified
by 4 versors dbthri ∈ R3, i = 1, . . . , 4, which form a simplex
of vectors in R3.
The 8 actuators are organized in 4 pairs, [11], and the
thrusters of the ith pair exert their mono-directional thrusts
along the same direction. To ensure that the nominal moment
due to the ith pair of thrusters is zero, the forces exerted
by the two actuators of the ith pair are chosen of the same
magnitude (i.e. Tmaxi = Tmaxi+4 , i = 1, . . . , 4). The nominal
force applied to the Chaser by the ith pair of thrusters (i.e. by
thruster ith and thruster (i+ 4)th together) is
F bthri + F
b
thri+4 = βinTmaxid
b
thri ,
i = 1, . . . , 4 and n = 2 reflects the fact that the two thrusters
are switched on simultaneously; βi = 0 (βi = 1), i = 1, . . . , 4,
when the ith pair of actuators is off (on).
By definition the vectors dbthri ∈ R3, i = 1, . . . , 4, form
a simplex of vectors in R3, considering the rotation matrix
RLV LH(φ, θ, ψ) in (2), we can obtain a further simplex of
vectors in R3 as follows
dthri = RLV LH(φ, θ, ψ)d
b
thri , i = 1, . . . , 4. (11)
As a result, according to (10), the space R3 is partitioned in
4 cones by the simplex of vectors (11)
Qj = cone (dthri : i = 1, . . . , 4, i 6= j) . (12)
When the ith pair of thrusters, i = 1, . . . , 4, is switched on, it
is generated the corresponding control structure
Fthri = βinTmaxidthri , i = 1, . . . , 4, (13)
with Tmaxi constant for all the maneuver.
The moving simplex SMC, [22], [9], for the position track-
ing of system (18) with sliding output σx (9) is defined by the
discontinuous switching logic
if σx ∈ Qh then Fthr = Fthrh ,
where h ∈ {1, . . . , 4} is the least possible index, Qh is defined
by (12) and Fthrh is given by (13).
B. Spacecraft Position Control: Component-wise SMC
As for the simplex-based SMC, the sliding output σx ∈ R3
is defined as Equation (9). The input vector Fthr ∈ R3 can
be designed according to the following first-order component-
wise sliding mode control strategy
Fthr = −K 0sgn(σx),
with K0 = nTmax and n = 2. For the component-wise case,
the thruster configuration is the same proposed in [14] with 12
thrusters, two along each principal axis and for each direction
(positive and negative). The Thrusters Switching Algorithm is
reported in [14].
V. SIMULATION RESULTS
Two phases of the rendezvous maneuver are analyzed, as
in [1]: (i) a radial boost, in which two moving obstacles are
introduced, and (ii) a final approach phase, to be performed in
a cone safety area. The Chaser has a cubic-shape of 1.2 m
and its initial mass is 600 kg, that decreases due to the
fuel consumption. The simulation starts 3 km far from the
Target along V-bar. For the radial boost the goal is fixed at
[−200, 0, 0] m and the final approach ends few centimeters
before reaching the Target, to avoid docking coupling dynam-
ics. The component-wise and the simplex-based SMC strate-
gies are compared for the position tracking and, as already
introduced before. Two different thruster configurations are
considered: (i) 8 thrusters of a maximum thrust of 1.5 N for
the simplex-based SMC and (ii) 12 thrusters of a maximum
thrust of 1 N for the component-wise SMC. The same total
thrust is provided to the system by the two configurations,
i.e. the sum of the thrusts provided by the actuators in each
configuration is the same. Different switching frequencies are
considered, to avoid high consumption and to be compliant
with the on-board hardware constraints:
1) an update frequency of 1 Hz for the APF algorithm and
of 10 Hz for the SMC strategies are considered for the
radial boost.
2) an update frequency of 10 Hz for the APF guidance and
a frequency of 20 Hz are imposed for the cone approach.
Fig. 2. Complete trajectory in a V-bar and R-bar plane. Upper part:
Component-wise SMC; Lower Part: Simplex SMC
The efficiency of the proposed position controllers is evalu-
ated by the control effort, which represents a fuel consumption
estimation. It is evaluated as CE =
∑Tth
k=0 |Fth,k|∆t, where
Tth is the switch-on time of thrusters (i.e. when the thrusters
are switched on), |Fth,k| = |Fx| + |Fy| + |Fz| and ∆t is
the sample time of the simulation. The simulations were
performed taking into account the forces and moments due
to the external disturbances, as briefly described in Subsection
II-B. In particular, ∆Fex includes: i) the constant aerodynamic
drag of about 10−4 N only along V-bar, ii) the force due to the
J2 effect considered as a random value of about 10−3 N , iii)
the constant force due to the solar pressure of about 10−5 N
along the three axes.
Figure 2 shows the whole rendezvous trajectories in the
V-bar and R-bar plane, with a zoom for the cone approach
maneuver. The black marker x on the trajectory represents
the starting point of the radial boost. The arrows show the
direction in which the obstacles are moving, while the cir-
cles identify the radius of the obstacle. The obstacles are
represented with three different colors: (i) black color for
the initial conditions, (ii) magenta color indicates where the
sensor detects the obstacle, and (iii) green color indicates when
the obstacle is overcame. These two last colors represent the
evolution points of the moving obstacles.
The trajectory in V-bar and H-bar plane is omitted since the
y coordinate is tracked to the zero value, and in the final point
y = 10−5 m, to avoid out of plane X-Z movements.
A. Radial Boost
Even if in this phase the final goal is to reach x =
[−200, 0, 0] m, the Radial boost can be completed 50 m (along
V-bar) before reaching the final goal (the cyan marker in the
Figure 2). When the final point is reached, the Chaser speed
is decreased to enter in the cone safe area and to stay as
close as possible to the Target position. As in Figure 2, the
Chaser is able to avoid obstacles with a smooth trajectory,
guaranteeing a safe maneuver. The sliding outputs of both
SMC strategies are in Figure 3. It can be observed a residual
chattering of an order of magnitude of 10−4. These oscillations
Fig. 3. Sliding variables for the position dynamics for radial boost
TABLE I
PERFORMANCE INDICATORS FOR THE RADIAL BOOST
Case Fuel consumption Total time Control Effort
CASE A mf = 11.4 kg ttot ∼= 4989 s CE = 24690 Ns
CASE B mf = 6.48 kg ttot ∼= 4656 s CE = 13968 Ns
can be filtered in real applications and can be related to the
actuator noise. The performance indicators are summarized in
Table I. The fuel consumption is almost halved with a simplex-
based approach, even if the maximum thrust considered is the
same, as previously explained. Moreover, the control effort is
strongly reduced, even if the simulation time for both cases
is similar. This behavior is due to the switching logic of the
simplex-based SMC: less commutation frequency is required
to perform the desired maneuver. Note that in Table I CASE A
is related to the component-wise SMC and CASE B is related
to the simplex-based strategy.
B. Cone Approach
Due to the strict requirements in the proximity phase, no
obstacles are considered. In Figure 2, we can observe that
the Chaser is reaching the Target not exceeding the cone
area. Strict requirements are required for the final approach.
A final constraint on Rbar is considered to assure the docking
between the two spacecraft. The maximum value along Rbar
is zf,max = 0.05 m. The following results are obtained: (A)
zf = 6.9 · 10−6 m for the component-wise SMC and (B)
zf = 1.8 · 10−6 m for the simplex-based SMC.
The sliding surfaces of both strategies steer to zero (Figure
4) with a residual error of 10−4. The performance indicators
are summarized in Table II. The fuel consumption is similar
for both cases, but the control effort and the simulation time
are reduced for the simplex-based SMC. As before, note that
in Table I CASE A is related to the component-wise SMC and
CASE B is related to the simplex-based strategy.
VI. CONCLUSIONS
In this paper a guidance algorithm based on APF is proposed
for a dynamic collision avoidance in the rendezvous maneuver.
This method is combined with SMC techniques for position
and attitude control of the spacecraft. As for the position
Fig. 4. Sliding variables of the position tracking for the cone approach
TABLE II
PERFORMANCE INDICATORS FOR THE CONE APPROACH MANEUVER
Case Fuel consumption Total time Control Effort
CASE A mf = 4.04 kg ttot ∼= 3079 s CE = 8716 Ns
CASE B mf = 4.01 kg ttot ∼= 2886 s CE = 8658 Ns
control two different first order SMC methods are used. The
efficiency of the two approaches is compared. The results
shows that the simplex strategy has a better performance in
terms of time, fuel consumption, control effort and chattering
reduction.
APPENDIX A: EXTERNAL ORBITAL DISTURBANCES
In this Appendix, external orbital disturbances are detailed,
to better clarify the mathematical model of Section II.
In particular we would to describe in detail how these dis-
turbances were estimated and included in the simulations. Ac-
cording with our case study, in which we analyze a rendezvous
maneuver in a Low Earth Orbit (LEO), we consider four
main kind of disturbances affecting the spacecraft dynamics:
i) aerodynamic drag, ii) J2 effect, iii) solar radiation pressure
and iv) gravitational effect [17], [23].
Fig. 5. Air density in function of the altitude
• The aerodynamic drag is due to the residual air particles
in space environment. Actually, Figure 5 shows that the
air density at the altitude of this case study, i.e. 500 km,
is very low. However the collisions occur with a great
relative speed, so this effect can not be disregarded. In
this work we evaluated it using Equation 14:
FAD =
1
2
ρCDAV
2 (14)
The terms in the equation are estimated basing on both
the altitude of the orbit and the size of the spacecraft as
it follows:
– the air density ρ is set at the value of 10−12 kg/m3,
according to Figure 5,
– CD = 2.2 is the drag coefficient for compact
satellite,
– A is the cross section of the satellite, i.e. ly · lz =
1.22 m2,
– V is the orbital speed, i.e. V = ωr, where r =
6878 km is the radius of the orbit and ω =
√
µ
r3 =
1.11 · 10−3 rad/s is the orbital angular speed. In
the previous equation, µ = 3.986 · 1014 is the Earth
gravitational parameter. Then, the orbital speed value
is V = 7613 km/s.
Finally, evaluating the Equation 14, the aerodynamic drag
exerts a force FAD = 9.18 · 10−5 N directed opposite to
orbital speed, i.e. along -Vbar.
• The J2 effect is due to the oblateness of the Earth. The
force produced by this effect evaluated by using Equation
15, taken by [18].
FJ2 = −mc 3J2µR
2
E
2r4
 1− 3 sin2 i sin θ2 sin2 i sin θ cos θ
2 sin i cos i sin θ
 (15)
Where:
– mc = 600 kg is the mass of the Chaser,
– J2 = 1.08263 · 10−6 is a constant value,
– µ = 3.986 ·1014 is the Earth gravitational parameter,
– RE = 6378 km is the Earth radius,
– r = 6878 km is the radius of the orbit,
– i is the orbit inclination,
– θ is the true anomaly.
So, in our case study mc
3J2µR
2
E
2r4 ' 10−3 N , while
the terms into the square parenthesis are not taken into
account since the inclination of the orbit is not specified,
furthermore these terms do not affect the order of mag-
nitude of this orbital disturbance. Then, this perturbation
is evaluated as a force of the order of 10−3 N , acting
along the three axes. Within the simulation we introduce
this force as a random value of the order of 10−3 N , to
consider the variation of terms within the square brackets
during the orbit.
• The Solar radiation pressure produces forces and mo-
ments when the spacecraft is in the sunlight. This is
produced by photons emitted by the sun which exchange
momentum with the surface of the spacecraft and its
magnitude depends by the activity of the Sun, due to
seasonal variations according to the Sun’s cycles. The
force is evaluated as follows16:
Fs = (1 +K)psA⊥ (16)
where:
– K = 0÷ 1 is the spacecraft surface reflectivity,
– ps = Is/c is the solar radiation pressure at the Earth
distance from the Sun, where Is = 1370 W/m2 is
the solar constant and c ' 3 · 108 m/s is the light
speed. So, ps is order of 10−5 W/ms.
– A⊥ is the spacecraft projected area normal to
sun vector. Since the Chaser has a cubic-shape of
1.23 m3, this term is estimated of the order of 1 m3.
Finally, Fs ' 10−5N . Whereas, the moment due to the
solar radiation pressure can be evaluated as Ts = rs ×
Fs, where rs is the vector from body center of mass to
spacecraft optical center of pressure. Since the Chaser has
a cubic-shape of 1.2 m3, this term can be at most of the
order of 1 m. Therefore, Ts is evaluated as 10−5Nm.
• The gravity effect between the Earth and spacecraft is
undoubtedly the dominant disturbances. The torque due
to the gravity effects can be evaluated as:
~Mg = 3n
2~r × [I]~r (17)
In Equation 17 there are the following terms:
– n2 = µa3 = 1.22 · 10−6 rad2/s2 is the orbital rate,
in this equation a = 6878 · 103 Km is the major
semi-axes of the orbit;
– ~r is the unit vector from planet to spacecraft;
– [I] is the spacecraft inertia matrix. Since the Chaser
is a symmetric cubic-shaped, it is evaluated as:
I =
Jx 0 00 Jy 0
0 0 Jz

where Ji = mc(2li)2/12 = 144 Kg·m2 i = x, y, z
and li = 1.2 m is the side of the Chaser.
So, the moment due to the gravity effects has the
same value in the three body axis and it is of the
order of 10−6 · 102 = 10−4 Nm.
If we are considering, for example, the position dynamics
of our system, as previously described in Section II, these
equations are written with respect to the origin of a LVLH
frame, centered on the Target satellite [1]. So, the position
dynamics can be expressed as
x¨ =
Fx
mc
+ 2ω0z˙,
y¨ =
Fy
mc
− ω20y,
z¨ =
Fz
mc
− 2ω0x˙+ 3ω20z,
(18)
where x¨, y¨ and z¨ are accelerations, x˙, y˙ and z˙ are velocities,
x, y, and z are Hill positions, all the variables are written
in LVLH frame. F = [Fx, Fy, Fz]T ∈ R3 is the total force
acting on the spacecraft and it includes both forces due to the
thrusters system and external disturbances, so F = Fthr +
∆Fex ∈ R3, in which Fthr ∈ R3 is the force provided by the
thrusters (i.e. by the control system) and ∆Fex ∈ R3 is due
to the external disturbances.
As detailed in Section II, ∆Fex = FAD + FJ2 + Fs.
Then, ∆Fex is added to the force exerted by the thrusters
Fthr. Finally, the total force F = Fthr + ∆Fex is rotated by
means a rotation matrix from body frame to LVLH frame in
order to insert it in the Hill equations for the position dynamic.
In the same way, even if in this paper the main focus is on
position dynamics, if attitude dynamics is taken into account,
Euler equations and quaternion dynamics (see Chapter 3 and
6 of [17]) are modeled to analyze a complete 6 Degree Of
Freedom spacecraft dynamics. The total torque applied to the
Chaser consists of three terms: (a) the moment of the thrusters
Mthr, (b) the torque provided by the reaction wheels (actuators
used for the attitude control) MRW and conceived as a Super
Twisting (STW) Sliding Mode Control algorithm, and (c) the
moment due to external disturbances ∆Mex. So, we have that
MB is the total torque applied to the Chaser in body frame
and it consists of three terms MB = Mthr + ∆Mex +MRW .
In particular, the moment derived by the external disturbances
can be derived as follows: Mex = Ms +Mg .
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